Radiative and nonradiative lifetimes in nonpolar m -plane In x Ga 1 x N Ga N multiple quantum wells grown on GaN templates prepared by lateral epitaxial overgrowth J. Vac In-rich InGaN / GaN single quantum well ͑SQW͒ structures with and without growth interruption ͑GI͒ were successfully grown on sapphire substrates by metal-organic chemical vapor deposition. The optical properties were systematically investigated by photoluminescence ͑PL͒, selectively excited PL, PL excitation ͑PLE͒, and cathodoluminescence ͑CL͒ techniques. The integrated PL intensity of the main In-rich InGaN emissions for the sample grown without GI decreased only by a factor of 15.5 when the temperature increased from 11 to 300 K, while that of the sample with GI decreased by about 1040, showing very good quantum efficiency for the sample without GI. The In-rich InGaN SQW emissions have been verified by selectively excited PL spectra and by the different PLE absorption edges. CL observations showed that the epilayer of the sample without GI agglomerated together to form clusters due to the large lattice and thermal mismatches with GaN, which confine the carriers in the clusters and ensure the relatively high quantum efficiency of the sample. The sample with GI showed relatively smooth surface with cluster structures jointed together, which gives two-dimensional QW environment in its energy band structure, and its optical emission is more sensitive to temperatures than that of the sample grown without GI.
Effect of growth interruption on optical properties of In-rich InGaN / GaN single quantum well structures
In-rich InGaN / GaN single quantum well ͑SQW͒ structures with and without growth interruption ͑GI͒ were successfully grown on sapphire substrates by metal-organic chemical vapor deposition. The optical properties were systematically investigated by photoluminescence ͑PL͒, selectively excited PL, PL excitation ͑PLE͒, and cathodoluminescence ͑CL͒ techniques. The integrated PL intensity of the main In-rich InGaN emissions for the sample grown without GI decreased only by a factor of 15.5 when the temperature increased from 11 to 300 K, while that of the sample with GI decreased by about 1040, showing very good quantum efficiency for the sample without GI. The In-rich InGaN SQW emissions have been verified by selectively excited PL spectra and by the different PLE absorption edges. CL observations showed that the epilayer of the sample without GI agglomerated together to form clusters due to the large lattice and thermal mismatches with GaN, which confine the carriers in the clusters and ensure the relatively high quantum efficiency of the sample. The sample with GI showed relatively smooth surface with cluster structures jointed together, which gives two-dimensional QW environment in its energy band structure, and its optical emission is more sensitive to temperatures than that of the sample grown without GI. 
II. EXPERIMENTS
Two In-rich InGaN / GaN SQW structure samples were grown on c-axis sapphire substrates by MOCVD. The In-rich InGaN well layer was grown for 90 s at 730°C on a 2 -m-thick GaN epilayer, and then a 20-nm-thick GaN was grown as a capping layer at 730°C. The growth pressure was maintained at 300 Torr throughout the whole process. For the effective NH 3 cracking at low growth temperatures 6 and the reduction of native defects, 7 the ammonia was preheated before it entered the reactor. During the growth of the well layer, only trimethylindium ͑TMIn͒ and ammonia were supplied as the sources of In and N, respectively. However, due to the solid-state intermixing of InN with underlying and capping GaN layers, the indium content of about 70% in the InGaN well layer was obtained by medium energy ion scattering ͑MEIS͒ experiments. 8 No GI was introduced between the In-rich InGaN and GaN capping layers for sample A. Sample B was grown under the same condition as sample A a͒ Electronic mail: yonghcho@chungbuk.ac.kr except for the 5 s GI after the growth of InN for the aim of a planar surface of the sample. The In-rich InGaN / GaN SQW structures were characterized by PL, PLE, and CL. A He-Cd laser ͑325 nm͒ was used for the temperature dependent PL experiments with temperature ranging from 11 to 300 K. A Xe lamp dispersed by a monochromator was used as a pumping source for the selectively excited PL and PLE experiments. CL spectra and CL images were acquired at 80 K by using a commercialized CL system with a highresolution scanning electron microscope with an electron accelerating voltage of 10 kV. Figure 1 shows temperature dependent PL spectra acquired from 11 to 300 K for sample A ͑without GI͒ and sample B ͑with 5 s GI after the growth of InN layer͒. The GaN band edge emission, the donor-to-acceptor pair ͑DAP͒ emission, and the yellow band emission peaks from the GaN layers are clearly seen for both samples. Two emission peaks ͑denoted as P1 and P2͒ for sample A and one main emission peak ͑denoted as P1Ј͒ for sample B are also observed and originated from the In-rich InGaN SQW. The relatively high energy of the emission peak from In-rich InGaN SQW with the In composition of ϳ70% can be attributed to the thin well width ͑ϳ1 nm͒ and the compositional grading due to the intermixing of InN and GaN. 8 The integrated intensity of the main emission peaks for sample A decreased by a factor of only 15.5 with increasing temperature from 11 to 300 K, reflecting a very good quantum efficiency even at high temperature, while that for sample B decreased by a factor of 1040 for the same temperature increase. The only difference between the two samples during the growth process is the 5 s GI after the growth of InN layers for sample B, which aimed to smooth the sample surface through the adatom migration. However, it seems that cluster structures are vital to our Inrich InGaN SQW samples to maintain its high-efficiency light emission at high temperature. As we have demonstrated for the trapezoidal InGaN MQW samples, the phase separation can localize the carriers in the potential fluctuations and decrease the probability to meet nonradiative center, which improve the light emission efficiency at high temperature greatly. 9 Due to the GI of sample B the formation of cluster structures is depressed, and the integrated intensity of the main SQW emission for sample B ͑with GI͒ decreases more than that for sample A ͑without GI͒.
III. RESULTS AND DISCUSSION
Thermal escape of carriers from well to barrier causes luminescence quenching for an ideal quantum well, in which the activation energy equal to the QW binding energy of electrons and/or holes. 10 For real cases, however, there are always some nonradiative recombination centers in the QW with the active energy smaller than the QW binding energy of electrons and holes. 11 If there are several kinds of nonradiative channels, the integrated PL intensity can be expressed by the following multichannel Arrhenius plot formula:
where E Ai are the activation energies of the corresponding nonradiative recombination center and C i are the constants related to the density of these centers. Figure 2 shows the normalized integrated PL intensity of the main emission for samples A and B together with the best fitting of the Arrhenius plot. The best fitting gives the activation energies of 207 and 132 meV for samples A and B, respectively. The activation energies often referred as the localization energy of deep localized states, 12 in which carriers can be trapped and have less chance to meet other nonrecombination centers.
To verify the origin of peaks P1 and P2 for sample A and P1Ј for sample B, selectively excited PL and PLE experiments are conducted at 11 K by using a Xe lamp dispersed by a monochromator as pumping source. Figure 3 shows the PL spectra excited at 325 and 387 ͑378͒ nm for sample A ͑B͒, at which the excitation energy is above and below the GaN band gap energy, respectively. Peaks P1 and P2 for sample A and peak P1Ј for sample B were still clearly seen when the samples were excited by the energy below the DAP peaks, indicating that the P1, P2, and P1Ј peaks are not related to GaN but to InGaN SQW. From the result, we can assign these emission peaks to In-rich InGaN SQW regions. Figure 4 shows PLE spectra measured at 392 nm ͑P1͒ and 464 nm ͑P2͒ for sample A and 378 nm ͑P1Ј͒ for sample B at 11 K, together with the PL data excited at a wavelength of 325 nm from the same Xe lamp. Clear absorption edges are shown for GaN and In-rich InGaN layers for both samples. Large Stokes-like shifts of the In-rich InGaN emissions between the PL peak position and PLE absorption edge are observed. The PLE contribution of the GaN layer to the Inrich InGaN emissions can be clearly seen for all PLE spectra. However, for the PLE spectrum detected at 463.6 nm ͑P2͒, no specific PLE feature appears near the P1 peak, reflecting that the channel between the P1 and P2 emissions are not well connected to each other. Figure 5 shows the CL spectrum and images taken at 356 nm ͑GaN͒, 389.5 nm ͑P1͒, and 452.5 nm ͑P2͒ at 80 K for sample A. Figure 6 shows the CL spectrum and images taken at 353.6 nm ͑GaN͒ and 380.6 nm ͑P1Ј͒ at 80 K for sample B. For sample A, the small cluster structures cover the full fields and all the emissions are from the cluster structures. Although the CL emission from GaN covers the full cluster together, peak P1 emitted from only the side edge of each cluster and peak P2 comes from the central part of each cluster, leading to CL images with reverse contrast. For sample B, because of the adatom migration and severe decomposition during GI, 4 the surface becomes relatively smooth and the clusters have jointed together with clear conjunction borders. Both the CL images taken from GaN and P1Ј seem from the merged island structures together with some of the conjunction parts of the islands. From the results, the growth of planar InN layer may be very difficult without GI ͑sample A͒, because it is inclined to agglomerate together to form clusters due to the large lattice and thermal mismatches between GaN and InN. The GaN layers deposited before and after the InN layer may package it inside to form the clusters. More GaN is included in InN region at the side edge of the clusters, while the central part of the clusters is possessed of less amount of GaN, resulting in different CL ͑PL͒ for P1 and P2 of sample A. If GI was introduced to smooth the surface ͑sample B͒, these clusters will joint together to form a relatively smooth surface that gives twodimensional ͑2D͒ QW environment in its energy band structure, which will increase the probability of carriers' meeting with nonradiative centers and decrease quantum efficiency ͑as shown in Fig. 2͒ .
IV. CONCLUSIONS
The In-rich InGaN / GaN SQW samples were grown by MOCVD on sapphire substrate with and without GI. Optical properties were studied in detail by temperature dependent PL, selectively excited PL, PLE, and CL. Higher quantum efficiency of the emission was found for the sample without GI than that with GI. The In-rich InGaN SQW emissions have been verified by selectively excited PL spectra and by the different PLE absorption edges. CL observation showed that cluster structures are formed for the sample grown without GI, while the sample grown with GI forms a relatively smooth surface by the joints of clusters which gives a twodimensional QW environment in its energy band structure. This explains why the emission intensity of the sample with GI more sensitively decreases with increasing temperature than that of the sample without GI. FIG. 5 . CL spectrum and CL images measured at 80 K for sample A ͑without GI͒. ͑a͒ CL spectrum and ͓͑b͒-͑d͔͒ CL images measured at ͑b͒ GaN, ͑c͒ P1, and ͑d͒ P2 ͓as denoted in ͑a͔͒.
FIG. 6. CL spectrum and CL images measured at 80 K for sample B ͑with GI͒. ͑a͒ CL spectrum; and ͓͑b͒-͑c͔͒ CL images measured at ͑b͒ GaN and ͑c͒ P1Ј ͓as denoted in ͑a͔͒. 
